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 Suggested by Maa in 1975 
o Cylindrical pore + End corrections  
o Proposed different formulas for thermally 
conducting and non-conducting boundaries 
 Models needed for design and prediction 
o Film transfer impedance needed for  
transmission matrix calculations 
o Need to model non-cylindrical pores 
o Light weight films 
Cross-section of a microperforated film 
Installed microperforated panels in the Great 
Ape House of the Smithsonian National Zoo 




Ryan A. Schultz, J. Stuart Bolton, Jonathan H. Alexander, Stephanie B. Castiglione, Tom P. Hanschen and Ed Bronikowski, 
“Improving the visitor experience – a noise study and treatment design for the Smithsonian National Zoological Park’s Great 
Ape House,” Proceedings of INTER-NOISE 2012, 8 pages, 2012. 
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 Resistive end corrections 
 Arbitrarily–shaped holes 
 Thermal effects 






By using computational fluid dynamics approach, calculate dynamic 
flow resistance for microperforated panel considering flow through 















 Geometry of CFD model 
o Incompressible flow in Fluent 
o Mesh Interval : 0.005 mm, pressure-based, implicit formulation  
o the Green-Gauss node-based method 
o SIMPLE for the pressure-velocity coupling method 
o STANDARD for pressure 
















Symmetry axis Symmetry axis 
Inlet velocity was chosen to be a Hann windowed, 5 kHz half-sine wave 
having a maximum value of 1 mm/s in order to cover the frequency range 
up to 10 kHz 
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 Viscous energy losses are proportional to the shear rate 
squared 
o Losses are concentrated along perforation walls and at the inlet/outlet 
(resistive end correction) 
o Losses are symmetric front-to-back in linear regime (acoustic wave is 
incident from below) 
o Losses decrease as the frequency increases 
Plots of the square root of viscous losses on a scale from 0 to 15 3mW




 Energy dissipation occurs within shearing fluid 
external to the hole 
 Net result is that the resistive end correction is 
independent of frequency 
 End correction does not go to zero at 0 Hz – 
largest discrepancy at low frequencies 
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◦ Incompressible, isothermal, 2D axisymmetric 
 
o Inlet:  Hann-windowed, 5 kHz half-sine (0.1 ms) 
o Run 0.5 ms for accurate static flow resistance 
o Maximum speed of 1 mm/s 
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o Reversible, laminar flow through hole (Re≈1) 
o No non-linear effects since we have low velocity 
o Secondary motions in time-dependent cases 
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o Easily calculated numerically using codes such as 
Octave, MatLab, or Mathematica 
o Value computed at each frequency point 
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If the microperforated panel is made of sheet of metal or other material of high 
thermal conductance, the effect of heat conduction must be accounted for. 
Crandall[5] discussed the acoustical properties of metal tubes in some detail. The 
air is compressed adiabatically in ordinary sound fields. But inside a metal tube, 
the part of air near the tube wall will be kept at a constant temperature, any heat 
produced will be conducted away by the tube wall. 
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  CFD Models – InterNoise 2011 
o Time domain 
o Incompressible 
o Isothermal 
o 2D axisymmetric 
o Inlet: Hann-windowed, 5 kHz half-sine 
o Maximum velocity of 1 mm/s 
o Outlet pressure set of 0 Pa 
o Run for at least 0.5 ms 
 Acoustic Models – NoiseCon 2014 
o Frequency domain, harmonic waves 
o Compressible 
o Including energy equation 
o 2D axisymmetric 
o Non-reflecting inlet with 1 Pa incident 
o Resulting face velocity up to 2.4 mm/s 
o Anechoic outlet 
o Run from 50 to 10,000 Hz 
Inlet velocity profile 
Typical 
mesh 
 Thermal losses affect the Resistance only 
o There are no thermal losses at an adiabatic boundary 
o Acoustic and CFD models match when adiabatic boundary conditions are 
applied 
 CFD calculations require additional correction 
o Need to account for the reactance of the air in the inlet and outlet regions 
Resistance vs. frequency Reactance vs. frequency 20 
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Film Properties 
• Film Thickness       400 µm 
• Hole Diameter        170 µm 
• Porosity             1% 
 Thermal energy losses are proportional to the temperature 
gradient squared 
o Losses are concentrated over whole front surface, and only a little within the 
perforation 
      (unlike Maa who modeled thermal losses occurring within the perforation) 
o Losses are asymmetric front-to-back (acoustic wave is incident from below) 
o Losses increase with the frequency (Scale is 1/30th of viscous plots, so 1/900th 








500 Hz  2,000 Hz  5,000 Hz  10,000 Hz  21 
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 Thermal losses are significantly smaller than viscous losses 
( < 5% up to 10 kHz) 
Thermal Loss – Percent 
of Total 
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 Thermal boundary conditions (adiabatic vs. isothermal) 
are not significant for absorption 
o Infinite film in free space 





Absorption is the fraction of 
normally incident acoustic 
intensity not reflected or 
transmitted by the film. 
 Thermal losses: 
o Increase with frequency 
o Occur over the full incident face of the film 
• Contributions from within the perforations are 
negligible 
• For moving films, losses occur on both sides of the 
film 
but the total thermal loss is almost identical to that of 
a rigid wall 
o Contribute to the acoustic resistance, but not the 
reactance 
o Are less than 5% of the total energy loss for practical 
films below 10 kHz 
• Have no significant effect on the predicted absorption 
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Sound pressure in each region 
Only symmetric modes exist 
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for clamped BC 
Solid part 
Displacement of membrane 
Fluid part 
Taewook Yoo, J. Stuart Bolton, Jonathan H. Alexander and David F. Slama, “Absorption of finite-sized 
micro-perforated panels with finite flexural stiffness at normal incidence,” Proceedings of NOISE-CON 
2008, Dearborn, Michigan, July 28-31, 2008. 
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Depending on the flexural 
stiffness, the absorption 
performance can be enhanced 
with a proper loss factor 






































1, 0.6, 0.4, 0.3, 0.2, 0.1, 
0.01, 0.0001 
0.05 0 0.1631 160000 63.5 x 63.5 
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 Relative motion 
o Most significant for light films at low 
frequency 
o Shown here for a density of 50 kg/m3 
at 150 Hz 
Fluid-structure interaction 
Film  Air Film  
Film and air velocity shown every 30º of phase 
  Film velocities are reduced, compared 
to a solid film 
o Airflow through the perforations reduces 
the surface pressure 
o For example at 1 kHz, film velocities 
dropped by about 35% 
 Air velocities through the perforations 
are reduced, compared to a rigid film 
o Due to the film moving with the air 
o Peak air velocity shifts to higher 
frequencies as the film mass decreases 
o Air velocities are typically two orders of 
magnitude greater than film velocity 
Film Properties 
• Film Thickness       400 µm 
• Hole Diameter        170 µm 
• Porosity             1% 
• Elastic Modulus       109 Pa 
• Poisson’s Ratio        0.4 
Film Velocity 
Air Velocity within perforation  28 
 Mass Law impedance for limp impervious sheet added in parallel to 
the impedance of a rigid perforated plate predicts response very well 
(markers) 
o Resistance drops as mass decreases 
o Reactance changes in non-intuitive manner 
o Low-frequency has an increase of reactance with mass 


















Film Reactance – FSI models 
compared to formula 
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Film Resistance – FSI models 
compared to formula 
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 Computational modeling of MPP’s has proven to be a powerful tool 
 Has allowed identification of the correct origin of the resistive end 
correction – shearing of fluid exterior to holes not surface effect 
 Accurate calculation of transfer impedance of MPP’s with arbitrarily 
shaped holes 
 For thermally conducting materials, thermal losses occur on surface 
of MPP (not within holes), but contribution to energy dissipation 
generally negligible. 
 Solid – phase motion influences MPP transfer impedance, but large 
disparity between solid and fluid velocities allows transfer 
impedance to be calculated by parallel addition of rigid MPP and 
flexible impermeable film. 
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